Abstract: This letter describes the design of a triple-band Global Positioning System (GPS) receiver that simultaneously covers the L1, L2 and L5 frequency bands. The proposed receiver uses an imagerejection technique that can separate signals from the three frequency bands to three corresponding ports. It uses a single RF path containing a low-noise amplifier (LNA), and active and passive mixers with a pair of local oscillator signals. The triple-band GPS RF front-end chip is fabricated using 130 nm CMOS technology, and has a noise figure of less than 7.1 dB and an S 11 coefficient of less than −10 dB in the frequency range 1.15-1.6 GHz. The experimental results demonstrate a 35-40 dB image rejection ratio at each output port with a power consumption of 7.2 mW (LNA and mixers) using a 1.2 V supply voltage.
in applications such as car navigation systems. Consumer applications generally employ a single GPS receiver chip fabricated using a CMOS process. The absence of compound semiconductors or bipolar processes leads to a significant reduction in the size, cost, and power consumption of such devices [1] , allowing the widespread use of civilian GPS signals.
On the other hand, the use of civilian GPS signals is also becoming attractive for scientific applications, such as ocean remote sensing [2] , for which higher positioning accuracy is required. One way of achieving this is to use multiple civilian GPS signals at different frequencies, and such an approach can also offer advantages for robust GPS services such as those used in aviation. Multi-band GPS has come closer to reality with the launch of a satellite transmitting in the L5 band, to compliment the L1 and L2 civilian bands that are already in use [3] . Thus, GPS receivers that can detect all three bands simultaneously are now in demand.
One of the key issues in designing a triple-band GPS receiver is how to implement a highly integrated RF front-end that can operate at low power. To date, very few multi-band GPS receivers have been reported [4, 5, 6, 7, 8, 9] . Although dual-band receivers have been developed that use a band-selection architecture [6] or a simple parallel arrangement of several receivers [9], these approaches can not realize miniaturized low-power devices. Simultaneous reception with the same RF signal delay, which is important for some scientific applications, is also not possible [2] .
In the present study, we propose an architecture for a triple-band GPS receiver that can simultaneously receive the L1, L2 and L5 frequency bands. The RF front-end for the proposed receiver is designed using 130 nm CMOS technology. The designed chip has a wide-band low-noise amplifier (LNA) with a low noise figure (NF) and input matching (S 11 ) in the frequency range 1.15-1.6 GHz, and uses active and passive mixers for modified Weaver image rejection [10, 11].
Triple-band receiver architecture
The proposed receiver architecture is shown in Fig. 1 (a) . It can separate signals in the three frequency bands passing through an RF signal path based on Weaver image rejection. It is a modified version of a previously proposed dual-band GPS receiver [10, 11] . By appropriate conversion of the phase of the signal in each of the three bands, the desired signal can be isolated at each port. By choosing appropriate frequencies for the local oscillators LO1 and LO2, simultaneous triple-band reception can be achieved. Two poly-phase filters (PPFs) are used to distinguish signals in the three bands concurrently. In the first PPF, signals in the L1 band are separated from the combined signals in the L2 and L5 bands using a Weaver image-rejection technique. Subsequently, the phases of the L2 and L5 signals are changed by the second PPF. This process allows the signals associated with each of the frequency bands to be separated to their own ports.
Details of the signal processing method used are shown in Fig. 1(b) . It is based on the concept of complex signal processing and the Hilbert transform (denoted by "H" in the figure) [12, 13] . The RF input signal is expressed as
, where ω is the angular frequency and a(t) is the complex baseband signal. In the first mixer, a quadrature LO signal with a frequency f LO1 (= ω LO1 /2π) convert s RF (t) to a complex signal given by
In the above equation, the desired down-converted component is represented by the first term. 
Since the transfer function for the Hilbert transform is −j sgn(ω), where sgn(ω) represents the sign function, the above signals can be expressed as
where u(ω)(= (1 + sgn(ω))/2) is a step function. Note that the frequency components ω − ω LO1 in s IF 1,I (t) and s IF 1,Q (t) have the opposite polarity to each other and change their own polarity for ω > ω LO1 and ω < ω LO1 . This provides a method for separation of the L1 and (L2 and L5) signals. The second mixer, using a quadrature LO signal with a frequency f LO2 (= ω LO2 /2π), causes a downward shift of the center frequency of the desired L1, L2, and L5 bands. Appropriate addition and subtraction of the outputs of the second mixer then extracts the L1 signal and produces a combined L2 and L5 signal with a different polarity, as follows:
Note that the frequency components ω − ω LO1 + ω LO2 in s IF 2,L2/5,I (t) and s IF 2,L2/5,Q (t) have the opposite polarity to each other. As described later, an appropriate combination of these frequency components and their Hilbert transforms can exhibit different polarities for ω > ω LO1 − ω LO2 and ω < ω LO1 −ω LO2 . This provides a method for separation of the L2 and L5 signals.
To convert the center frequencies of the L1, L2, and L5 bands to the same frequency f IF 2 (= ω IF 2 /2π) along the signal path from the first to the second mixer, the LO1 and LO2 frequencies f LO1 , f LO2 are set as follows.
where Fig. 1 (c) .
To separate the L2 and L5 signals after the second mixer, s IF 2,L2/5,I (t), s IF 2,L2/5,Q (t) and their Hilbert transforms generated in the second PPF, which are shown in Fig. 1 (c) , are manipulated as follows,
where the fact that ω LO1 > ω LO2 is used to simplify expressions such as (11) and (12) reveal that s IF 2,L2 (t) and s IF 2,L5 (t) at f IF 2 contain the L2 and L5 signals, respectively, as seen in Fig. 1 (c) . The last term in s IF 2,L1 (t) (Eq. (6)), s IF 2,L2 (t) (Eq. (11)), and s IF 2,L5 (t) (Eq. (12)), corresponding to higher frequency components, can be filtered out in the following stage (not shown in Fig. 1 ).
Circuit design
For the proposed GPS receiver that is capable of operating over a wide frequency range of 1.17-1.6 GHz, the LNA is one of the most important building blocks. In this study, a single-ended LNA with an active balun was used to obtain a differential output signal for the first mixer, as shown in Fig. 2 (a) . L5 bands (1150 ∼ 1600 MHz), as shown in Fig. 3 (c) . Figures 2 (b) and (c) show circuit schematics for the first and second mixers. To improve the linearity for use in a wide-band GPS system, the transconductance stage in the first mixer has source degeneration. In contrast to our previous work [10, 11] , a shared transconductor is not used in the first mixer because the image rejection ratio (IMRR) can also be improved in the IF circuit blocks [16] . The quadrature LO generator shown in Fig. 2 (d) is used for the first and second mixing processes.
Experimental results
An optical micrograph of the chip fabricated using a 130 nm CMOS process is shown in Fig. 3 (a) . The chip area including input and output pads is 2.4 mm 2 . The power consumption is about 7.2 mW with a 1.2 V supply voltage, which is mainly for the LNA and mixers.
Measurements were carried out using a wafer probe station. The designed chip had no external inductor (L g in Fig. 2 (a) ) dominating input matching. To avoid instrumental errors originating from bonding wires, the small-signal and noise characteristics of the receiver chip with an ideal inductor L g in series with the gate of M 1 were calculated on the basis of measured data [17] . The insertion loss for the input matching circuit, cable and probe needle was also compensated for [18] . The resulting S 11 and NF data are shown in Figs. 3 (b) and (c). The NF for the receiver chip is less than 7.1 dB over a wide frequency range covering the L1, L2, and L5 bands.
To investigate the capability of the chip for triple-band reception, the frequency selectivity was measured, and the results are shown in Fig. 3 (d) . The input power was −50 dBm and the power of the LO1 and LO2 signals was 5 dBm. The output signal power level was found to be about −50 dBm. The IMRR for the L1 and (L2, L5) signals was about 40-42 dB and that for the L2 and L5 signals was about 35-37 dB.
Conclusion
In this letter, a receiver is proposed for concurrent triple-band reception of L1, L2 and L5 GPS signals using two local oscillators. The proposed receiver is designed using a 130 nm CMOS process to demonstrate the possibility of concurrent triple-band reception using a modified Weaver image-rejection technique. For each of the output ports, the IMRR was estimated to be 35-42 dB.
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